Electroluminescence and photoluminescence of Ge-implanted Si/SiO_2/Si structures by Shcheglov, K. V. et al.
Electroluminescence and photoluminescence of Ge-implanted
Si/SiO2/Si structures
K. V. Shcheglov, C. M. Yang, K. J. Vahala, and Harry A. Atwatera)
Thomas J. Watson Laboratory of Applied Physics, California Institute of Technology,
Pasadena, California 91125
~Received 28 June 1994; accepted for publication 30 November 1994!
Electroluminescent devices were fabricated in SiO2 films containing Ge nanocrystals formed by ion
implantation and precipitation during annealing at 900 °C, and the visible room-temperature
electroluminescence and photoluminescence spectra were found to be broadly similar. The
electroluminescent devices have an onset for emission in reverse bias of approximately 210 V,
suggesting that the mechanism for carrier excitation may be an avalanche breakdown caused by
injection of hot carriers into the oxide. The electroluminescent emission was stable for periods
exceeding 6 h. © 1995 American Institute of Physics.The observation of efficient photoluminescence in po-
rous silicon1 has prompted numerous investigations of opto-
electronic properties of nanometer-scale group IV semicon-
ductor clusters.2 Electroluminescence has been reported for
porous silicon during anodic oxidation,3 and also for porous
silicon devices employing thin gold,4 indium tin oxide,5 sili-
con carbide,6 and polymer contacts.7 Although porous silicon
has motivated considerable interest in nanocrystalline semi-
conductors, there is interest in other related materials which
are more robust in various thermal and chemical ambients,
and which can be readily incorporated into a silicon inte-
grated circuit process, or onto substrates other than single-
crystal silicon without significant modification of the circuit
process technology. A number of alternative synthesis ap-
proaches have been reported, ranging from syntheses of
nanocrystals in organic solutions from chemical precursors8,9
to nanocrystals imbedded in an oxide matrix prepared by
cosputtering10,11 or ion implantation.12,13 The latter approach
is quite promising, owing both to the mechanical and chemi-
cal robustness of the matrix, as one may expect the
nanocrystal-matrix interface to be well passivated from the
external ambient, and thus ultimately enabling better control
of nonradiative recombination processes which limit lumi-
nescence. In addition, the prospects for integration of these
materials into existing silicon-based solid state devices and
circuits is excellent.
In this letter, we report the use of ion implantation and
precipitation to fabricate a Ge nanocrystal-based light-
emitting device. Our method for synthesis of Ge nanocrystals
in SiO2 consists of ion implantation and precipitation during
thermal annealing, a method compatible with existing silicon
integrated circuit process technology.12 In the course of our
investigation, it was found that a considerable control over
Ge nanocrystal size distribution is possible in the 1–8 nm
size range through variation of the Ge implantation dose and
annealing conditions. Recently, we have systematically stud-
ied the relation of nanocrystal size to luminescence spectral
features, but the results suggested that the optical properties
of Ge nanocrystals cannot at present be explained adequately
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nanocrystals.14
Samples consisted of 45 nm thick polycrystalline Si
films deposited initially as amorphous films by ultrahigh
vacuum electron beam evaporation onto 70 nm thick SiO2
films thermally grown on n1 Si substrates. These structures
were implanted with Ge at doses of 431016/cm2 at 140 keV,
and 131016/cm2 at both 130 and 150 keV. These energies
and doses were chosen to create a supersaturated solid solu-
tion of Ge in the SiO2 film with approximately uniform Ge
concentration of 5 at. % throughout this layer. The samples
were subsequently annealed at 600 °C in high vacuum
~131026 Torr! for 40 min to induce precipitation, then the
top layer was doped with B in a furnace at 900 °C for 15 min
to generate a p1 polycrystalline Si film at the top of the
structure. Other experiments14 suggest that Ge nanocrystal
growth continued during this 900 °C anneal. Finally, photo-
lithography was used to define isolated mesas for separate
devices, and to define Al contacts using liftoff.
Figure 1~a! is a bright-field cross-sectional transmission
electron micrograph of the completed device prior to metal
contact deposition. Visible at the top is the polycrystalline
silicon layer with grain size approximately equal to the film
thickness. The top surface of the polycrystalline silicon is
very smooth, which is characteristic of films deposited in the
amorphous phase and crystallized during a postdeposition
anneal. Interface roughness of ;5 nm is observed at the
polycrystalline Si/oxide interface, and the thickness of the
oxide appears to vary by approximately 5 nm across the field
of view of the cross-sectional specimen. Rutherford back-
scattering spectrometry measurements suggest that the oxide
is of a stoichiometry SiOx , where 1.5<x<1.8. The speckles
observable in bright-field contrast correspond to Ge nano-
crystals roughly 5 nm in diameter, which are visible in the
accompanying dark-field image of the same region shown in
Fig. 1~b!. The volume density of nanocrystals was approxi-
mately 131018/cm3. Also visible is a rough, dark layer at the
lower oxide/Si substrate interface, which is probably
GexSi12x alloy region which resulted from the extension of
the implanted Ge profile at 150 keV into the Si substrate.
Also visible is a band of extended defects approximately 100
nm below the oxide/Si interface, which may be due to con-745(6)/745/3/$6.00 © 1995 American Institute of Physics
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densation of Si point defects generated from the stopping of
ions from the tail of the 150 keV Ge implant profile in the Si
substrate.
The individual devices were of various sizes, between 1
and 0.05 mm2. The devices were electrically characterized
with a semiconductor parameter analyzer operating in
current-voltage test mode. Electroluminescence was mea-
sured with a single grating spectrometer equipped with a
charge-coupled device-based optical multichannel analyzer
detector. Photoluminescence spectra were measured with the
same spectrometer and were pumped with 40 mW of 457 nm
radiation from a continuous wave argon ion laser. The sys-
tem response of the optical spectrometer was carefully cali-
brated using a blackbody source, and all photoluminescence
and electroluminescence raw spectra were divided by the
system response curve.
The current-voltage characteristic of a typical device
~0.8 mm2! is shown in Fig. 2. Rectifying behavior is seen in
forward bias, and a relatively broad breakdown feature is
seen in reverse bias between 25 and 210 V. In both forward
and reverse bias, a relatively large series resistance is ob-
served. Electroluminescence is characterized by an onset at
reverse bias less than approximately 210 V, which corre-
sponds to an electric field in the oxide of greater than 106
V/cm. The dielectric breakdown strength of high-quality, sto-
ichiometric SiO2 is approximately 107 v/cm, but the ob-
served breakdown electric field of 106 V/cm is reasonable, in
view of the modified stoichiometry and structure and of the
oxide layer. Device structures fabricated without the Ge ion
FIG. 1. In ~a!, a bright-field cross-sectional transmission electron micro-
graph of the completed device prior to metal contact deposition. In ~b!,
dark-field cross-sectional transmission electron micrograph of the same re-
gion.746 Appl. Phys. Lett., Vol. 66, No. 6, 6 February 1995
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voltages less than 50 V, which was the maximum voltage
range for the parameter analyzer. The strongly luminescent
area usually covered approximately 10% of the device sur-
face. The spatial nonuniformity in emission may be related to
nonuniformity in the oxide layer thickness, which would lead
to the development of electric fields exceeding the break-
down field in the thinnest oxide regions first. Some of the
devices did not exhibit luminescence and their current-
voltage traces appeared to be characterized as a diode in
series with a large resistance ~>1000 V!.
The spectra of the devices that did exhibit electrolumi-
nescence looked quite similar and were characterized by an
emission spectrum with onset at a wavelength of ;500 nm.
Figure 3 is a comparison of photoluminescence spectra. The
sharp feature at approximately 510 nm is an artifact gener-
ated by division by the system response function, and was
related to the abrupt change in transmission of a filter used to
suppress the pump beam. We note that there are no artifacts
in the spectra at wavelengths above 520 nm, where the filter
FIG. 2. The current-voltage characteristic of a typical device.
FIG. 3. Photoluminescence and electroluminescence spectra at room tem-
perature for a typical device operating in reverse breakdown. Spectra are
corrected for the response of the optical spectrometer. The sharp feature at
approximately 510 nm is an artifact of normalization by the spectrometer
response function.Shcheglov et al.
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transmission is constant and near unity. Differences between
the electroluminescence and photoluminescence spectra
could have many causes. Possible factors include pump ab-
sorption during photoluminescence in the nanocrystal-
containing oxide or in the p1 polycrystalline silicon, and
differences in the mechanisms for population of localized
states between electrical and optical pumping. The efficiency
of electroluminescence ~i.e., ratio of optical power out to
electrical power in! was difficult to estimate accurately using
our current characterization tools, but is probably on the or-
der of 1024–1025.
Many important details regarding the mechanism re-
sponsible for electroluminescence cannot be deduced from
the currently available optical and electrical information, and
will require more complete investigation. However, we note
that previously investigations of electroluminescence in Si-
containing SiO2 materials that were believed to be broadly
similar in morphology to the present structures yielded
broadly similar results.15 Those authors proposed a mecha-
nism based on radiative electronic transitions between dis-
crete energy levels associated with Si islands and/or their
interface with the host matrix material. It is possible that
carrier injection into these discrete energy states occurs via
either relaxation from extended states in the conduction band
of SiO2 or by tunneling from other localized states associated
with defects and nanocrystals in the SiO2 layer. We speculate
that the mechanism for excitation of electroluminescence is
related to impact ionization by ‘‘hot’’ carriers in the oxide
layer, because electroluminescence was observed when the
device was in the reverse bias breakdown regime, and no
electroluminescence was observed in the forward active re-
gion. We note that hot carrier-related electroluminescence is
known to occur in reverse bias breakdown in single-crystal
silicon,16 but at much lower efficiencies than reported here.
It is also important to note that emission via blackbody
radiation is most likely insignificant for these structures,
since visible emission would require local sample tempera-
tures comparable to those employed in the anneals used to
precipitate and grow nanocrystals ~>900 °C!, which would
result in significant microstructural and optical changes in
the devices during operation. However, no degradation of the
electroluminescence intensity was observed after more than
6 h of continuous operation. Moreover, the electrical and
optical pump power densities were similar ~0.5–5 W/cm2!,
and were unlikely to result in enough heating to produceAppl. Phys. Lett., Vol. 66, No. 6, 6 February 1995
Downloaded¬20¬Dec¬2005¬to¬131.215.225.171.¬Redistribution¬subvisible blackbody emission from the devices, which were in
intimate thermal contact with a 4 cm2 area, 0.25 mm thick Si
substrate.
In summary, a Ge nanocrystal-based light emitting de-
vice operating at room temperature has been fabricated using
only tools available in a conventional silicon integrated cir-
cuit process. Photoluminescence and electroluminescence
spectra appeared quite similar. The mechanism for electrolu-
minescence excitation appears to be related to carriers in-
jected in reverse bias breakdown. We anticipate that a better
optimized fabrication process may enable injection type lu-
minescence, increased electroluminescence efficiencies, as
well as some element of control of the emission wavelength.
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